We report on novel valley acoustoelectric effect, which can arise in a 2D material, like a transition metal dichalcogenide monolayer, residing on a piezoelectric substrate. The essence of this effect lies in the emergence of a drag electric current (and a spin current) due to a propagating surface acoustic wave. This current consists of three contributions, one independent of the valley index and proportional to the acoustic wave vector, the other arising due to the trigonal warping of the electron dispersion, and the third one is due to the Berry phase, which Bloch electrons acquire traveling along the crystal. As a result, there appear components of the current orthogonal to the acoustic wave vector. Further, we build an angular pattern, encompassing nontrivial topological properties of the acoustoelectric current, and suggest a way to run and measure the conventional diffusive, warping, and acoustoelectric valley Hall currents independently. We develop a theory, which opens a way to manipulate valley transport by acoustic methods, expanding the applicability of valleytronic effects on acousto-electronic devices.
Two-dimensional materials (2D materials), such as transition metal dichalcogenides [1] [2] [3] , possess symmetry properties similar to graphene [4] . Their primary feature is that the valleys K and K in the Brillouin zone connect by the time reversal symmetry. Consequently, the chiralities of the K and K bands turn out opposite, and in addition to conventional momentum and spin of the twodimensional electron gas (2DEG), 2D materials acquire an additional valley index degree of freedom. Moreover, their spectra manifest large gaps in the optical range [5] , epitomizing various valley-resolved phenomena [6, 7] .
Exposed to external strong electromagnetic fields resulting in a dynamical gap opening [8] [9] [10] [11] , 2D materials can exhibit such fascinating phenomena as dissipationless transport of 2DEG [12] and the photon drag effect [13] [14] [15] [16] . Moreover, stemming from the essential spatial inversion symmetry breaking, there might occur transport phenomena described by a third-order conductivity tensor [14, 17] , finite in noncentrosymmetric materials. For example, in the photovoltaic effect [18] , the conductivity tensor χ couples components of the photoinduced current j α with the components of the external electric field E β : j α = χ αβγ E β E γ , where α, β, γ = x, y, z.
The conventional photovoltaic effect originates from an asymmetry of the interaction potential or the Bloch wave function [19] . In 2D materials, there can also appear an unconventional mechanism of this effect, which is due to the trigonal warping of the valley spectrum, resulting in the asymmetry of the interband optical transitions [20] . Beside the valley and spin currents [21] [22] [23] , trigonal warping also manifests itself in the secondharmonic generation phenomena [24] , spin-resolved measurements of the photoluminescence from the sample, and alignment of the photoexcited carriers in gapless materials [25] .
Only few phenomena distinguish Bloch electrons from free charges, and one of them is the Berry effect, which, in particular, influences the carriers of charge subject to a mechanical force eE, where E is an external electric field and e is the elementary charge. It happens since the group velocity of a Bloch electron acquires an additional anomalous term eE × Ω k , where k is the momentum of the particle and Ω k is the Berry curvature [2, 26] . In the framework of the linear response theory, the matrix of the velocity operator acquires nonzero off-diagonal linear in field elements, thus mixing different bands.
The concept of the Berry phase [27] underlies and unifies diverse aspects of solid-state physics, drastically affecting the transport of particles and resulting in such intriguing phenomena as the anomalous [28] and quantum [29] Hall effects, emergence of topological and superconducting phases [30] , charge pumping [31] , anomalous thermoelectric transport [32] , among other [33] . By and large, electrons in a crystal behave similarly to free particles with just the free electron mass replaced by an effective one due to the formation of energy bands. A nontrivial Berry phase also reveals itself in Dirac materials like graphene [34] , and from very recently it comes in play in other two-dimensional (2D) materials [35] , possessing similar symmetry properties.
Instead of light, surface acoustic waves (SAWs) can be employed to probe or alter the physical properties of electron (and other) gases in low-dimensional systems [36, 37] . It is relatively simple to launch SAWs in piezoelectric heterostructures. That is why SAWs are frequently used in engineering and scientific applications, forming the basis of acoustoelectronics. The appearance of new 2D materials stimulates the studies of SAWs, interacting with electrons in graphene monolayers [38, 39] , surfaces of topological insulators [40] , and thin films [41] . Recently, there have been suggested SAW spectroscopy methods to study 2D dipolar exciton gases in normal and Bose-condensed phases [42, 43] , including the acoustic drag effect [44] . Experimentally, one can either (i) measure the absorption of sound by a 2DEG, or (ii) observe renormalization of the SAW velocity in heterostructures exposed to strong magnetic fields [45] due to their interaction with the carriers of charge, or (iii) study the acoustoelectric (AE) effect. The latter consists in the emergence of stationary electric currents when a SAW draggs the carriers of charge via the momentum transfer to the 2DEG [46] .
In this Letter, we demonstrate that in multivalley 2D materials, there take place an unconventional AE effect and an AE Valley Hall effect (AVHE). We consider a transition metal dichalcogenide monolayer, taking MoS 2 as an example, and show that the trigonal valley warping gives an additional component of the AE current with peculiar properties, characteristic of 2D materials (we will call this component the warping current). Furthermore, the Berry effect gives an unconventional acoustic drag Hall current. It is known [33] that if a TMD monolayer is exposed to an in-plane static electric field, the Berry curvature allows for the appearance of the valley Hall effect, when the current flows in the direction transverse to the static in-plane electric field. If we take a cw instead of the static field, the stationary valley Hall current is absent since the time-averaged force acting on electrons vanishes. However, a nonzero force appears in the second order with respect to the cw electric field. Here we consider the case when such a force is due to the piezoelectric field of the surface acoustic waves, traveling along the surface of the piezoelectric substrate. We show that the joint influence of this force and the Berry phase allow for the AVHE. These currents couple with the piezoelectric field of an external acoustic wave via the third-order conductivity tensor, as in the photovoltaic effect mentioned above, forming various fascinating propagation patterns. Moreover, the SAWs aspire to separate particles with opposite spins, resulting in a spin current.
Let us consider a layer of MoS 2 , separated from a piezoelectric substrate by a dielectric layer (Fig. 1) . A Bleustein-Gulyaev SAW with the wave vector k travels along the interface and creates a piezoelectric field having both the out-of-plane and in-plane components. The latter is E||k and it acts on the 2DEG. This field drags the carriers of charge in MoS 2 , resulting in the AE current. We assume that the monolayer is n-doped. Furthermore, the conduction band in each of the valleys is split by spin due to the spin-orbit interaction (SOI), as is shown in Fig. 2(a) ; the strength of the SOI for MoS 2 is of the order of 3 meV [47] .
The group velocity describing the quasiclassical dynamics of a Bloch electron in the absence of an external magnetic field readsṙ
where v = ∂ε p /∂p, ε p = p 2 /2m + w p is the electron dispersion in a given valley with account for its warping
is a valley index, C is a warping strength, andṗ = eẼ with e < 0 the electron charge, andẼ(r, t) =Ẽe ikr−iωt /2+c.c. is the overall electric field, including the piezoelectric E(r, t) and induced E i (r, t) contributions. The origin of the induced electric field E i (r, t) is the fluctuations of the electron density. The Berry curvature reads Ω p = ∂ p × u|i∂ p |u and |u is a periodic amplitude of the Bloch wave function.
To describe the electron transport, we will use the Boltzmann transport equation [48] 
where f is the electron distribution function, I{f } is the collision integral. For the collision integral we use the model of a single-τ approximation [49] , which does not depend on energy:
Here f is the locally-equilibrium distribution function in the reference frame moving with the SAW. It depends on the local electron density N (r, t) via the chemical potential
Relaxation time τ (ps) µ = µ(N ). Furthermore, we expand the density in series:
, where n is the unperturbed electron density and n i are the corrections to the density fluctuations. We expect that the AE current should appear as the second-order response to the external piezoelectric field. Thus we expand the distribution function:
is the equilibrium electron distribution, which depends on the electron momentum p only. We also expand f :
is the dielectric function, and the charge density reads ρ = e(N (r, t) − n)δ(z). The solution is
where is the dielectric constant of the substrate.
Results and discussion.-Let us, first, assume that the warping and the Berry phase are absent. In this case the drag of electrons is valley-independent. For a SAW traveling with the momentum k and in the longwavelength limit (ωτ, k · vτ 1) the drift current is negligibly small, whereas for a degenerate electron gas at zero temperature (which, in particular, gives ∂µ/∂n = π/m), we find the diffusive current (see Supplemental Material [50] )
where σ = e 2 nτ /m is a 2D static Drude conductivity with the dimensionality of velocity,
is the velocity of charge spreading in 2D systems, and E 0 is the piezoelectric field amplitude. We want to note, that Eq. (3) at Dk 2 /kv * 1 coincides with the formula of AE current, reported in Ref. 51 . Now we switch the trigonal warping and the Berry phase on. After derivations [50] we find the components of the current density. Let us compare the AE diffusive, warping [22] and Hall currents. They can be written in the uniform way:
where we choose the coordinate axes as in Fig. 1 
2 /(4me 2 ). The Berry curvature has an out-of-plane component Ω 0 = (0, 0, η/m∆), where ∆ is the band gap of the TMD monolayer. Due to the usual smallness of the warping, we will disregard its contribution to the static conductivity and the charge spreading, when describing the screening effect.
From Eqs. (5) and (44) we see that the net valley AE currents summed over the valley indexes η = ±1 are zero, due to the time-reversal symmetry. Hence, it should be broken to detect the valley currents. One of the possibilities to do it is to expose the sample to a circularlypolarized light with the frequency close to the band gap since the optical selection rules in 2D materials depend on η, see Fig. 2(a) . Then one of the valleys will be dominantly populated. The difference in the particle densities, δn = n(η = 1) − n(η = −1) = 0, results in a nonzero net valley current.
Let us now estimate relative magnitudes of different contributions to the AE current. For realistic parameters (b) (a) σ/σ * 1 and ka 1 we find
where we used the sound velocity s = 3.5 · 10 5 cm/s for LiNbO 3 piezoelectric substrate, acoustic wave piezoelectric potential amplitude ϕ SAW = 50 mV (thus E 0 = kϕ SAW ), and other parameters read n = 5 · 10 12 cm −2 , τ = 2 · 10 −13 s, ω = 10 10 s −1 . The AVHE contribution stemming from the Berryphase effect relates to the diffusive current as
whereas for the warping current,
Now taking C e = −3.49 eV·Å 3 and m = 0.44m 0 (for MoS 2 ), δn/n = 0.1, we find the estimations j (H) ∼ 4 nA/cm and j (W ) ∼ 3 nA/cm.
Note that the warping and Hall currents depend differently on the relaxation time [see Fig. 2(b) ]. The τ − dependence of warping current (9) is determined by the σ 2 term, whereas the Hall current (8) grows with the decrease of τ . However, the system imposes the lower boundary of τ dictated by the condition E F τ / 1, which implies τ ≈ 0.2 ps at n = 5 × 10 12 cm −2 . The upper boundary is determined by the applicability of the diffusive limit.
The AE Hall and warping currents might have comparable magnitudes in some parameter range but they possess different topological properties. Indeed, the current densities (4), (5) , and (44) have the forms
(cos 2ϕ, − sin 2ϕ), and j (H) = j (H) 0 (sin ϕ, − cos ϕ), respectively (see Fig. 3 ). The magnitudes of both the diffusive and Hall current densities are proportional to the SAW wave vector. Thus they behave like cosine or sine of the angle, describing the direction of propagation of the SAW. In the mean time, the warping-related current originates from the warping of the electron dispersion in the valleys, which behaves as cos 3ϕ due to the C 3h symmetry group. Furthermore, the electron velocity, being the derivative of the energy with respect to the electron momentum, gives the cos 2ϕ and sin 2ϕ behavior of the warping-related current density.
Let us consider an acoustic wave propagating along the y−direction, which corresponds to ϕ = π/2 or ϕ = 3π/2. Then the x−component of the diffusive current vanishes, while the x−components of the AE Hall and warping currents are nonzero [see Fig. 3(b,c) ]. If ϕ = π/2, the two currents have opposite direction and partially compensate each other, whereas if ϕ = 3π/2, the currents sum up. Obviously, it allows to distinguish between their contributions. If the acoustic wave propagates along the x−direction, then φ = 0 or φ = π and only the y−component of the Hall current is nonzero [see Fig. 3(f) ], while the y−components of the diffusive and warping currents vanish.
We want to note, that the SOI for the conduction band, being small in comparison with typical optical frequencies, is usually disregarded in optically-induced transport effects. We have estimated the relative contributions of the AE warping and Hall currents and shown that they can have comparable magnitudes for the electron densities of the order n = 5 · 10 12 cm −2 . For such density, the Fermi energy lies deep in the conduction band, exceeding the SO splitting energy (for the MoS 2 it amounts to 3 meV). In these condictions the spin current is negligibly small. A possible way to observe the AE spin effect is to have a p-doped layer with Fermi energy lying in the valence band between the SO-split hole subbands with the splitting ∼ 400 meV for transition metal dichalcogenide monolayers, which exceeds by orders the SAW frequencies. Obviously, the theory developed in this work is directly applicable to the p-doped TMDs. It should be underlined, that spin AE currents might occur even in the case of equal populations of the valleys (in the absence of an external illumination). The emergence of the spin current, together with the electric currents [Eqs. (5) and (44)], are the quintessence of the valley AE effect.
Conclusions.-We have reported on the valley acoustoelectric effect and the valley acoustoelectric Hall effect in noncentrosymmetric materials exposed to surface acoustic waves. We calculated the electric current densities and compared their magnitudes and directions of propagation with the conventional diffusive current, suggesting a way to design topologically diverse patterns of electric current and the spin current.
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SUPPLEMENTAL MATERIAL I. The warping current
Let us disregard the Berry phase effect in this Section and only consider the effect of warping. The first-order corrections to the distribution function and the electron density, f 1 (r, t) = f 1 e ik·r−iωt + f * 1 e −ik·r+iωt /2 and n 1 (r, t) = n 1 e ik·r−iωt + n * 1 e −ik·r+iωt /2, should satisfy the Boltzmann transport equation
which yields
where v = p/m+∂ p w p . The general solution Eq. (11) might also contain the term mk·U, where U is the displacement vector of the media [48, 49] . However, in the case of a transverse Bleustein-Gulyaev SAW, this term does not contribute to the effect we consider. The induced electric field obeys the Maxwell's equation, which gives
where is the dielectric constant of the substrate. Combining the continuity equation with Eqs. (11) and (12), and using the standard definition of the current density, we find the self-consistent solutions
where k = |k| and σ αβ = e 2 τ dp
R = ∂µ ∂n dp
are the conductivity tensor of the 2DEG and the diffusion vector [49] , respectively. The stationary part of the second-order correction to the electron distribution function (f 2 ) satisfies the equation
wheren 2 is the time-averaged second-order correction to the electron density. It is easy to show that the second and third terms in the right hand side of Eq. (15) do not contribute to the stationary electron current j = e dpf 2 v/(2π) 2 . Indeed, taking into account that
the integral over the second term in (15) gives zero since the last term here is an odd function of electron momentum. The same is true for the third term. Thus, the current density yields
Since E i (k, ω) does not depend on the electron momentum p, we can simplify Eq. (16) by integrating it by parts, which gives
Now substituting Eq. (11) into Eq. (17), we find two terms of the current:
× ∂µ ∂n dp (2π) 2
Both j (1) and j (2) have acoustoelectric nature. However, their physical meaning is conceptually different. The first contribution is a drift current, whereas the second one embodies the diffusive current.
We want to mention, that in the absence of the warping, a nonzero value of the drift current can be found by expanding Re [ 
in (18) with respect to small ωτ k · vτ 1 and keeping the term 2ωτ k · v under the integral. In this case, the current is proportional to a small parameter (ωτ )(kl) 1, where l = v F τ is the electron mean free path. In general, the drift current is much smaller than the diffusive term (19) and we will neglect its contribution.
The valley AE current can be found by expanding expressions (18) and (19) over w(p) . We encounter this term in the velocity v α and the distribution function f 0 (ε p ). Both of them we expand, only keeping the first-order corrections with respect to w(p). Thus, in the long-wavelength limit we neglect the term ωτ − k · vτ in the denominators of Eqs. (18) and (19) . Consequently, the main contribution to the valley AE current traces its origin to the drift term Eq. (18) . Indeed, if we look at Eq. (19) , the first-order terms (with respect to w(p)) there vanish during the angle integration. A nonzero diffusion valley current is only possible if we keep (ωτ )(k · vτ ) in the denominator expansion. However, it has the smallness kl 1 (ωτ 1) in comparison with the drift term. Further we find
and for an arbitrary direction of the SAW,
We immediately note, that the valley-dependent acoustoelectric current does not depend on the direction of the wave vector of the acoustic wave, in contrast with the diffusive current Eq. (3) from the main text.
Introducing the angle ϕ: k = k(cos ϕ, sin ϕ) and hence E = E 0 (cos ϕ, sin ϕ), we find
where j 0 for a degenerate electron gas at T = 0 reads
Writing the SAW dispersion as ω = sk, where s is the SAW velocity, Eq. (23) transforms into j 0 = j η F (σ), where
Here F (σ) is a screening factor, which contains the total conductivity σ summed over both the valleys; σ * = (ε+1)s/4π and a = (ε + 1)/(4me 2 ).
II. The Hall current
Let us disregard the effect of trigonal warping in this Section and only consider the effect of the Berry phase. (Some of the formulas in this Section will repeat similar formulas from Section I for the convenience of reading.)
where v = ∂ε p /∂p andṗ = eẼ, andẼ(r, t) =Ẽe ikr−iωt /2 + c.c. is the overall electric field, including the external and induced contributions. The Berry curvature reads Ω p = ∂ p × u|i∂ p |u and |u is a periodic amplitude of the Bloch wave function. The Boltzmann transport equation for the electrons reads [48, 49] 
where f is the electron distribution function and I{f } is the collision integral, discussed in the main text. The current is j(r, t) = e dp (2π) 2ṙ f (p, r, t).
Combining Eqs. (25)- (27) together we find
j = e dp (2π) 2
The calculation shows that the acoustoelectric current is the second-order response of the system to the piezoelectric field. To find it, we expand the distribution function in series:
, where f 0 is the equilibrium electron distribution. We also expand the density: N (r, t) = n + n 1 (r, t) + O(n 2 ), where n = dpf 0 (p)/(2π) 2 is the unperturbed electron density and n 1 is the first correction coming from the electron density fluctuations. We further expandf = f 0 + (n 1 + n 2 + ...)∂ n f 0 + (n 1 + n 2 + ...) 2 /2∂ 2 f 0 /∂n 2 + O(f 0 ). The first-order corrections read f 1 (p, r, t) = f 1 (p)e ikr−iωt /2 + c.c. and n 1 (r, t) = n 1 e ikr−iωt /2 + c.c. [in what follows we will omit the explicit argument dependencies, using, e.g., f 1 ≡ f 1 (p)]. They satisfy the Boltzmann equation
Using the continuity equation and summing up, we can express n 1 through the total electric field as
where k = |k|,σ αβ = σ αβ − e 2 ε αβ Ω z is the generalized conductivity tensor, with ε αβ the second-rank LeviCivita permutation tensor (ε xx = ε yy = 0, ε xy = −ε yx = 1), Ω z = nΩ 0 is z-component of the vector Ω = (2π) −2 dpf 0 (p)Ω p , and
are the tensor of conductivity and the diffusion vector [49] , respectively. We can also express n 1 in terms of the piezoelectric field only:
thus introducing the function
which is responsible for the screening. Important to note, that the term containing the Berry curvature cancels out in the screening function. Further we can find the stationary part of the second-order correction f 2 , which satisfies the equation
wheren 2 is the time-averaged n 2 , but the two last terms in the equation above do not give any contributions (see the explanations below Eq. (15) in Sec. 1). From Eq. (29) we now can find the current density:
Re dp (2π) 2 τ v α E * β + E i * β ∂f 1 ∂p β
−Ω z (p)ε αβ E * β + E i * β f 1 .
Since E(k, ω) and E i (k, ω) are independent of the electron momentum p, we can extract them from the integral and integrate by parts the upper line in Eq. (37), yielding
Re E * β + E i * β dp (2π) 2 
where we used ∂v α /∂p β = δ αβ /m. This formula gives the general form of the square-in-field and linear-in-curvature electric current, including the conventional terms and the Hall effect. The next step of the derivations is to substitute Eq. (32) in Eq. (31) and then the result in Eq. (38) . Before that, let us assume the long-wavelength limit (ωτ 1, k · vτ 1), thus disregarding all the terms in the denominator in Eqs. (31) except for the unity. Then the term −eτ (E + E i )∂ p f 0 in the numerator of Eqs. (31) gives no contribution to the Hall current since it is proportional to p (coming from ∂ p f 0 ) and all other terms contain |p| only, thus the integral dp vanishes. We are only interested in the Hall contribution, in other words, in linear in Berry curvature terms (proportional to either Ω z or the mean Ω z ), therefore we will omit all the other terms. After all these assumptions, for the degenerate electron gas at T = 0 (giving ∂µ/∂n = π/m and −∂f 0 /∂ε p = δ[ε p − µ]), we explicitly find
Let us parametrize: k = k(cos φ, sin φ) and thus E = E 0 (cos φ, sin φ). Then Eq. (34) gives
or
sinceσ xy = −σ yx and σ αβ = σδ αβ , where σ = e 2 nτ /m is a static conductivity. We also note that E β + E i β = E β /g(k, ω), yielding
or after some algebra
where we kept only linear in Ω 0 terms, assuming that the piezoelectric field amplitude is real, and denoting D = v 2 F τ /2, v F , and v * = 4πσ/(ε+1) being the diffusion coefficient, Fermi velocity, and the charge spreading velocity, respectively. Finally we find
where n = k/k.
